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Recent results show that certain neurons and glia are
connected by gap junctions, and that neurons can
regulate gap-junctional communication by glia. The
findings are inspiring a major reexamination of the role
of glia in the regulation of neuronal integration in the
central nervous system.
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Several studies published in the past decade have
indicated that glial cells are not merely passive supporters
of neuronal function, but that they can be pivotal in
modulating integration within the nervous system. Two
recent papers [1,2] add significantly to a flurry of reports
which collectively suggest that glial cells are intimately
involved in integrating information and providing modula-
tory feedback to neurons. Alvarez-Maubecin et al. [1] have
shown that functional coupling between glia and neurons
in the locus ceruleus directly effects the coordinated activ-
ity of the locus ceruleus neurons. And Rouach et al. [2]
have demonstrated that neurons regulate expression in
asctocytes of the connexins that mediate functional gap-
junctional coupling. An exciting picture is emerging in
which slow interactions between astrocytes and neurons
can regulate the establishment of both chemical and
electrical connectivity [2,3], and such connections can sub-
sequently be used for relatively rapid reciprocal communi-
cation between glia and neurons [1,4].
Despite being the numerically superior cell type in the
central nervous system of mammals, glia have, since their
original classification, been thought to play a secondary,
supporting role to neurons. Because electrophysiology was
the major investigative tool of the last century, glia, which
do not exhibit electrical excitability, were considered
passive cells incapable of playing integrative roles in
neuronal information processing. With the development
of fluorescent ion indicators, however, it has been
demonstrated that glia are more active players in the
central nervous system, though ones that use a different
code from neurons, consisting of elevations of their
internal free calcium level. Glial cell calcium signals can
be initiated by the action of a variety of neurotransmitters
and neuronal activity [4].
The consequences of this glial ‘calcium code’ began to be
understood in 1994 when Nedergaard’s [5] and my [6]
groups independently demonstrated that calcium eleva-
tions in astrocytes, a predominant glial subtype, cause a
delayed neuronal calcium elevation. Since then, it has
become clear that elevated astrocytic calcium causes the
release of a chemical transmitter, glutamate, which activates
receptors to modulate neuronal excitability and synaptic
transmission [4]. In this early work, Nedergaard [5] pro-
posed that gap-junctional communication between astro-
cytes and neurons might mediate signal transmission. This
hypothesis fell into disfavor because of a lack of supporting
evidence. Recently, however, gap-junctional communica-
tion between astrocytes and neurons has resurfaced as a
second pathway for intercellular communication between
glia and certain types of neuron. 
Using cell cultures of astrocytes and neurons, Froes et al. [7]
demonstrated the presence of gap-junctional communica-
tion between these cells. When Lucifer yellow, a fluorescent
tracer dye that can pass through gap junctions, was microin-
jected into either astrocytes or neurons, it was found to pass
reciprocally between these cells. This observation, which
was confirmed electrophysiologically, is consistent with the
presence of gap junctions between these two cell types. Of
particular interest was these authors’ observation that the
period for coupling between these cortical cells was short-
lived, and their conclusion that this transient intercellular
signaling pathway is likely to play a developmental role. 
In contrast to the transient coupling between cortical
neurons and astrocytes, the sustained presence of gap
junctional communication between neurons and glia was
recently demonstrated in studies using slices of the part of
the brain known as the locus ceruleus [1]. In the locus
ceruleus, noradrenergic neurons are coupled to one
another by gap junctions, and they fire action potentials
synchronously. Alvarez-Maubecin et al. [1] assayed the
slices for gap-junctional communication, using neurobiotin
dye-coupling, electrophysiology and immunoelectron
microscopy; the results showed that glia, probably astro-
cytes,  which are interspersed between the noradrenergic
neurons are also functionally coupled to them by gap
junctions. These studies, which were initially performed
with neonatal brain tissue, were confirmed with adult
tissue, indicating that, unlike the transient coupling of cor-
tical cells [7], gap-junctional communication between glia
and neurons is sustained in the locus ceruleus.
What are the functional consequences of gap-junctional
communication between glia and neurons? In addition to
acting as a pathway for the intercellular spread of chemical
signals and metabolites, gap junctions permit electrical
connectivity. Paired-patch clamp recordings from glia and
noradrenergic neurons have shown the presence of syn-
chronous oscillations in membrane potential in these cell
types [1]. The frequency of these oscillations, which
underlie the generation of action potentials in neurons,
can be modulated by depolarization of the glial network.
The treatment of brain slices with a glutamate analog,
which under the conditions of the experiment depolarized
glia but had no direct effect on neurons, led to an increase
in the neuronal firing rate. 
Alvarez-Maubecin et al.’s [1] observation suggests that the
membrane potential of the glial cell can control the
activity of neurons; baseline changes in glial membrane
potential thus have the potential to modulate neuronal
excitability. Because of the weak coupling between an
individual glial cell and a neuron, however, it is likely that
such an effect would manifest itself only under conditions
where the whole network of glia is depolarized. Alterna-
tively, glia might control neuronal firing through changes
in the strength of gap-junctional coupling. In this scenario,
increased connectivity would tend to hold the neuron
close to the glial membrane potential and act as a current
shunt, reducing the efficacy of neuronal synaptic inputs
and reducing neuronal firing frequency.
It is unlikely that gap-junctional communication between
neurons and glia is a widespread property throughout the
nervous system. In other areas, where neurons act inde-
pendently, gap-junctional coupling would be counterpro-
ductive, as it would tend to synchronize neuronal activity.
As discussed earlier, it is probable that, in other regions of
the nervous system, such communication, if present, is
transient and would fulfill important developmental roles.
The locus ceruleus may be a unique region in which the
gap-junctional communication with a glial network assists
in the coordination of the baseline level of excitability of a
whole network of neurons.
It is well established that gap junctions extensively inter-
connect astrocytes. This gap-junctional communication is
thought to act as an inter-astrocyte highway, permitting
the spread of chemical signals and coordinating the propa-
gation of astrocytic calcium waves. Rouch et al. [2] have
now provided some of the first insights into how this astro-
cytic connectivity is regulated, opening up the possibility
of an exciting new understanding of the reciprocal control
of neuron-to-neuron and astrocyte-to astrocyte connec-
tions. In this study, co-culture of striatal neurons with
astrocytes increased the gap-junctional communication
between astrocytes, an outcome that required mature
neurons, greater than one week in age.
As it is well known that, with maturation, neurons form
synapses, Rouch et al. [2] asked whether synaptic activity
controls astrocyte-to-astrocyte gap-junctional communica-
tion. Chronic pharmacological treatment of mixed neuron
and astrocyte cultures with the inhibitory neurotransmitter
γ-amino-butyric acid (GABA) and glutamate receptor
antagonists, as well as with the sodium channel blocker
tetrodotoxin, which blocks electrical activity, reduced gap-
junctional communication to the control levels normally
associated with pure astrocytic cultures. It thus appears
that synaptic activity controls the level of astrocytic gap-
junctional communication. 
In support of a role for synaptic activity in controlling
gap-junctional communication, the application of the
neurotransmitter glutamate, but not GABAergic agonists,
to astrocytic cultures increased gap-junctional communi-
cation [2]. Superficially, it would appear that the release
of glutamate from nerve terminals mediates the neu-
ronally induced elevation of gap-junctional communica-
tion between astrocytes. But in striatal cultures, synapses
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Figure 1
(a) Factors from astrocytes (the yellow and
grey cells stimulate synapse formation
between neurons (blue cells). (b) Synaptic
activity increases the production of connexins
by astrocytes, which leads in turn to
increased gap-junctional communication
between astrocytes.
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are GABAergic, not glutamatergic. Where then does the
glutamate come from to regulate the astrocytic connexin
expression? As astrocytes release glutamate in response to
neurotransmitters and elevated internal calcium levels
[8], the source of glutamate may be the astrocytes them-
selves. In this case, neuronal and synaptic activity would
cause glutamate to be released from the astrocyte, which
would feedback onto the astrocyte to up-regulate gap-
junctional communication.
The control of gap-junctional communication between
astrocytes by synaptic activity illustrates a principle of self-
organization. Factors released from astrocytes are known to
be critical for the formation of synapses (Figure 1a) [3].
The results reported by Rouach et al. [2] now suggest that
the successful formation of synapses causes a feedback up-
regulation of gap-junctional communication between the
astrocytes (Figure 1b). This regulated increase in gap junc-
tional communication between astrocytes may have many
consequences. Astrocytes are thought to siphon accumu-
lated K+ ions away from the extracellular space. Gap junc-
tions are likely to play an important role in this process by
permitting the K+ ions to diffuse into neighboring astro-
cytes. Thus, as the circuitry of the nervous system becomes
established it regulates the glial network responsible for
removing activity-dependent accumulated K+ ions.
The ability to regulate gap-junctional communication
between astrocytes may have other implications. The
release of ATP from astrocytes, and the propagation of
calcium waves between these non-neuronal cells, requires
the production of astrocytic connexins [9]. Neuronal and
synaptic activity could thus regulate the ability of astrocytes
to signal between themselves via calcium waves. In support
of this possibility, Rouach et al. [2] found that co-culturing
with neurons increases the number of astrocytes that par-
ticipate in propagating calcium waves. As these calcium
waves initiate the release of the transmitter glutamate
from astrocytes [4,6,8], which in turn modulates neuronal
excitability and synaptic transmission, the very establish-
ment of the synapse organizes the astrocytic calcium sig-
naling system that is responsible for feedback modulation
of the neuron.
These new studies [1,2] provide additional support for the
emerging theory of reciprocal communication between
neurons and glia [10]. Glia can regulate neuronal synapse
formation [3] and, in turn, synaptic activity regulates
connexin expression and gap-junctional communication
between astrocytes [2]. On a shorter time scale, neuronally
released chemical transmitters regulate astrocytic calcium,
leading to a feedback modulation of the neuron [4].
Finally, the presence of gap-junctional communication
between astrocytes and neurons can affect the integration
of noradrenergic neurons of the locus ceruleus [1]. These
new data add to a newly developing view of glia as active
players in the modulation of integration within the nervous
system, and suggest that we are just beginning to catch
our first glimpses of the dynamic roles played by glia.
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